in chronic pain. We show that behavioral nociceptive in AC1&8 DKO mice as compared with that in AC8 but not AC1 (n ϭ 5 mice, Figures 1C-1F ). Phase 3 responses responses to subcutaneous formalin injection or nerve injury, but not acute nociceptive responses to noxious were not affected in AC1 or AC8 knockout mice, but were significantly reduced in AC1&8 DKO mice relative heat or mechanical pressure, were significantly reduced in mice lacking AC1 or AC8 and more profoundly comto wild-type. We next tested the possible roles of AC1 and AC8 in promised in AC1&8 DKO mice. Allodynia, the inflammation-related behavioral sensitization to a non-noxious allodynia induced by a hindpaw injection of complete Freund's adjuvant (CFA, 50%, 10 l). Application of a stimulus, was significantly reduced in AC1 knockout mice and absent in AC1&8 DKO mice. AC1 and AC8 0.4 mN von Frey fiber to the dorsum of a hindpaw elicited no response in untreated mice, but at 1 and 3 days after were both expressed at high levels in two pain-related forebrain areas, the ACC and the insular cortex, and at CFA injection into the dorsum of a single hindpaw, mice withdrew their hindpaw in response to stimulation of a low level in the spinal cord. In support of the involvement of forebrain adenylyl cyclases, local injection of the ipsilateral or, to a lesser extent, the contralateral hindpaw. This mechanical allodynia was significantly forskolin into the ACC rescued the behavioral lack of allodynia of AC1&8 DKO mice. Our studies suggest that reduced in AC1 knockout mice relative to wild-type mice (n ϭ 5 mice for each group; Figure 2A ). No significant AC1 and AC8 are important in the genesis of behavioral responses related to inflammation or nerve injury. changes were seen in AC8 knockout mice (n ϭ 5 mice), indicating that ablation of AC8 alone is not sufficient to affect allodynia. Interestingly, allodynia was completely Results abolished in AC1&8 DKO mice (n ϭ 5 mice). Similar results were observed at the contralateral hindpaw. We Behavioral Responses to Acute Noxious Stimuli also evaluated hindpaw edema by measuring hindpaw and Inflammation diameter. A similar degree of inflammation was found We first examined the potential contributions of AC1 in wild-type, AC1, AC8, and DKO mice (n ϭ 5 mice for and AC8 to the animals' behavioral responses to acute each group, Figure 2B ), indicating that the peripheral noxious stimuli and tissue inflammation. To test the beresponses to inflammation are likely identical in these havioral responses to acute noxious stimuli, we permice. formed the hot-plate test at 52.5ЊC and 55.0ЊC and the To further determine whether peripheral neurogenic tail-flick reflex test. We found that behavioral responses plasma extravasation was altered in mice lacking AC1, to noxious thermal stimuli in both tests were identical AC8, and AC1&8, we measured Evans blue dye extravain wild-type, AC1, AC8, or AC1&8 DKO mice (hot-plate sation evoked by capsaicin (1 g/10 l) injection in the test: wild-type, n ϭ 10 mice; AC1, n ϭ 6 mice; AC8, n ϭ hindpaw, after intravenous administration of the dye 7 mice; AC1&8, n ϭ 6 mice; Figure 1A ; tail-flick test: (see Malmberg et al., 1997). Capsaicin induced similar wild-type, n ϭ 6 mice; AC1, n ϭ 10 mice; AC8, n ϭ 7 increases in dye extravasation in AC1 (5.73 Ϯ 0.75 g, mice; AC1&8, n ϭ 10; data now shown for the tail-flick n ϭ 4 mice), AC8 (5.56 Ϯ 0.47 g, n ϭ 4 mice), or AC1& test), indicating that AC1 and AC8 do not significantly 8 DKO mice (6.33 Ϯ 1.05 g, n ϭ 5 mice; see Figure 2 ), contribute to acute sensory responses to noxious stimas compared to that in wild-type mice (5.44 Ϯ 0.95 g, uli. We also measured hindpaw withdrawal to mechanin ϭ 4 mice). No statistical difference was observed becal pressure and found that mechanical withdrawal tween the four groups of mice. These results are consisthresholds were not affected in mice lacking AC1, AC8, tent with the fact that AC1 is neuron specific (Xia and and AC1&8 DKO (n ϭ 4 mice for each group, Figure 1B) . Storm, 1997) and AC8 is mostly expressed in the brain Together, these results consistently demonstrate that and lung (Muglia et al., 1999) . the behavioral responses to acute noxious thermal and Changes in mechanical nociceptive threshold were mechanical stimuli do not require the activity of AC1 also examined in wild-type and AC1&8 DKO mice after and AC8. the nerve injury. In wild-type mice, the injury to the sci-AC1 and AC8 act downstream from NMDA receptors atic nerve produced a significant reduction in the mein neurons and contribute to NMDA receptor-dependent chanical sensitivity of the ipsilateral hindpaw 1-22 days synaptic potentiation lasting several hours (Wong et al., after the injury (n ϭ 9 mice). Changes in the mechanical 1999). Thus, it is possible that AC1 and AC8 contribute sensitivity at the contralateral hindpaw were also obto behavioral responses to tissue injury and inflammaserved 13-22 days after the injury. In AC1&8 DKO mice, tion, a long-lasting form of behavioral sensitization. The the reduction in the mechanical sensitivity following the formalin test is a common test of tissue injury and inflamnerve injury was significantly reduced or completely mation on a timescale of hours (Dubuisson and Recent studies using different experimental approaches consistently suggest that the ACC and/or the insular (n ϭ 5 mice) or AC8 (n ϭ 7 mice), phase 2 responses were significantly decreased relative to wild-type mice.
cortex play important roles in processing pain-related information in humans and in the behavioral responses A greater reduction in phase 2 responses was observed tern in the hippocampus. AC1 mRNA was highly exfound in CA3 ( Figure 4C ). AC8 expression was strong in pyramidal cells of CA1 and weak in CA3 and the pressed in the granular cells of the dentate gyrus and the pyramidal cells of CA2 field, with moderate expression of dentate gyrus ( Figure 4C ). In the ACC, strong and homogeneous patterns of AC1 and AC8 expression were ob-AC1 in the pyramidal cells of CA1 and weak expression served in all cell layers ( Figure 4A ). In the insular cortex, probes in these brain areas (data not shown), suggesting that the remaining adenylyl cyclase did not undergo more intense and widespread AC8 reactivity was found as compared with AC1 mRNA ( Figure 4B ). In the spinal compensatory upregulation at the mRNA level. This conclusion is also supported by results from the analysis dorsal horn, weak expression of AC8, and minimal AC1 expression, was found ( Figure 4D using mice with mutation in CREB signaling pathway mice before CFA injection. The time interval between forskolin pretreatment and CFA injection was 30 min. may help us to understand the exact roles of CREB At 1 day after CFA injection, AC1&8 DKO mice (n ϭ 5 activation in the behavioral sensitization after the injury. mice) showed reliable allodynia ( Figure 7A ). The forWe also found that formalin injection activated pCREB skolin-rescued allodynia was still present at 3 and 5 in the spinal dorsal horn neurons of wild-type mice (n ϭ days after CFA treatment. In other AC1&8 DKO mice 8 mice). In AC1, AC8, or AC1&8 DKO mice (n ϭ 5 mice receiving CFA injection (n ϭ 5 mice), microinjection of for each group), no increase in pCREB in superficial the vehicle solution into bilateral ACC did not cause dorsal horn neurons was seen after formalin injection allodynia ( Figure 7A ). In animals without CFA injection, (Figure 6 ). In deep dorsal horn neurons, formalinthe microinjection of forskolin did not cause behavioral induced pCREB expression was significantly reduced sensitization in either wild-type or AC1&8 DKO mice (n ϭ in AC1 or AC8 knockout mice (n ϭ 5 mice for each 3 mice for each group). To determine if the effect of group). The magnitude of pCREB reduction in AC8 forskolin is region selective, we injected the same dose knockout mice is significantly greater than that in AC1 of forskolin into the adjacent motor cortex (n ϭ 4 mice) knockout mice. No significant difference was found in or the visual cortex (n ϭ 4 mice) of AC1&8 DKO mice. the magnitude of pCREB reduction between AC8 knockNo significant recovery of allodynia was observed at 1, out mice and AC1&8 DKO mice. These findings suggest 3, and 5 days after the injection in both cases (see Figure that both AC8 and AC1 contribute to CREB activation 7A for the visual cortex data), indicating that the effect following the injury. of forskolin is region selective. To examine if cAMP production in the ACC contributes Pharmacological Rescue by Local Injection to the expression or maintenance of behavioral alloof Forskolin in the ACC dynia, forskolin was injected into the ACC at 1 day after It has been reported that other forms of adenylyl cy-CFA injection. To our surprise, AC1&8 DKO mice showed clases are also present in the ACC (Xia and Storm, 1997) .
hypersensitive responses to a non-noxious stimulus folWhile the preceding data implicate forebrain expression lowing the forskolin injection (n ϭ 5 mice, Figure 7B ). In of AC1 and AC8 as the critical component mediating contrast to forskolin, the vehicle injection did not cause allodynia, we sought to further prove that cAMP proany significant effect (n ϭ 4 mice). We also examined if duced in this area was responsible for the observed the same treatment with forskolin may rescue changes phenotype. Furthermore, we wished to determine in the mechanical sensitivity of AC1&8 DKO mice after whether the lack of allodynia was due to an acute rethe nerve injury. At 30 days after the nerve injury, no quirement for AC1 and AC8 or developmental changes significant changes in the mechanical sensitivity were in cortical function due to chronic deficiency of these found in AC1&8 DKO mice (n ϭ 4). Following the bilateral isoforms. To attempt an acute behavioral rescue, formicroinjection of forskolin into the ACC, a significant skolin was microinjected into the ACC to activate adereduction in the mechanical sensitivity was found at the nylyl cyclases. The dose of forskolin was selected based ipsilateral hindpaw. The magnitude of the reduction is on previous studies in the hippocampus (see Wong et comparable to that in wild-type mice (see Figure 2) . A al., 1999). We performed microinjection of forskolin (120 significant reduction was also detected at the contralateral hindpaw ( Figure 7C) . nmoles, 0.5 l) into both sides of ACC of AC1&8 DKO We also wanted to examine if the same treatment with sponses (Figure 8 ). Electrophysiological and behavioral studies have implicated that PKA is a major protein forskolin also rescued CREB activation in AC1&8 DKO mice through other forms of adenylyl cyclases. As kinase contributing to CAMP-induced synaptic plasticity and behavioral effects. We also wanted to test if the shown in Figure 7E , forskolin significantly increased pCREB within the ACC areas (n ϭ 4 mice). The effects of activity of PKA is required for CFA-induced allodynia. As shown in Figure 8 , bilateral microinjection of Rpforskolin are relatively region selective as no significant change in pCREB was seen in the somatosensory cortex cAMPs, a cAMP analog, which inhibits PKA activation, produced significant attenuation of the allodynia (1 of the same animals ( Figure 7F sponses in the formalin test were also significantly rethe learning processes associated with the prediction and avoidance of noxious sensory stimuli, as well as to duced. These results support a role of the ACC in the processing of pain-related information. Behavioral re-AC1 deletion caused significant reduction in allodynia sponses to acute noxious stimuli were normal in these while AC8 deletion alone had no effect. This difference mutant mice, which strongly suggests that AC1 and may result from AC1 and AC8 exhibiting different affini-AC8 are selectively involved in mediating the behavioral ties for Ca 2ϩ (Xia and Storm, 1997) . AC1 may contribute responses to injury. Our results are consistent with findmore to cAMP production after the injury than AC8 does ings from in vitro brain slices that the activity of adenylyl since AC1 is four to five times more sensitive to Ca 2ϩ cyclases is primarily required for plastic changes, while than AC8 (Cali et al., 1996) . Elimination of behavioral basal synaptic transmission is unaffected by deletion of allodynia in DKO mice suggests that both AC1 and AC8 AC1 and AC8 (for example, see Wong et al., 1999) . The are important. Although AC1 and AC8 are located along pharmacological rescue of behavioral allodynia by local the somatosensory pathways, pharmacological rescue forskolin microinjection into the ACC provides further of behavioral allodynia by microinjection of forskolin into evidence for an important role of the ACC in persistent the ACC suggests that cAMP levels in the forebrain ACC pain.
are critical for the behavioral allodynia. Unlike learningrelated synaptic potentiation paradigms, we found that Possible Synaptic Potentiation and CREB application of forskolin after the CFA injection is also Activation in the ACC sufficient to rescue behavioral allodynia. Our results What is the possible synaptic mechanism for the action suggest that AC1 and AC8 are not necessarily required of AC1 and AC8 within the ACC? We think that activation when the injury occurs. One possible explanation is that of adenylyl cyclases in the ACC may lead to long-lasting inflammation and nerve injury leads to long-lasting changes in synaptic transmission. Glutamate is a major changes in the activity of peripheral afferent fibers, fast excitatory transmitter within the ACC (Sah and Niwhich is different from the instantaneous behavioral coll, 1991; Tanaka and North, 1994; Wei et al., 1999). In conditioning in vivo or strong activation used to induce our recent studies, we found that theta burst stimulation synaptic potentiation in in vitro brain slices. Therefore, caused long-term potentiation of synaptic responses increasing cAMP levels during long-lasting inflammation in ACC slices from adult mice. The potentiation was by CFA can still lead to behavioral allodynia in the abcompletely absent in mice lacking both AC1 and AC8, sence of AC1 and AC8. suggesting that Ca . For each nucleus, ten measurements were made per mouse used, 52.5ЊC and 55.0ЊC. Mice were removed from the hot plate from three randomly selected noncontiguous sections observed immediately after the first response. In all three tests, the mean from coded slides and averaged so that each animal had a mean response latency was calculated as the average of 3-4 measurevalue for regional pCREB immunoreactivity. ments performed at 10 min intervals. Nerve injury was induced by tying a tight ligature around one-third to one-half of the diameter Data Analysis of the sciatic nerve as previously described in rats by Seltzer et al.
Results were expressed as mean Ϯ standard error of the mean (1990) and mice by Malmberg et al. (1997) . Briefly, the sciatic nerve (SEM). Statistical comparisons were performed with the use of onewas exposed at one hindlimb under halothane anesthesia (2%-3%).
or two-way analysis of variance (ANOVA) with the post-hoc Scheffe A silk suture was used to tightly ligate the nerve. Experiments were F-test in immunocytochemical experiments, or the post-hoc Turkey performed blind, and different individuals were responsible for the or Student-Newmann-Keuls test in behavioral experiments, to idensurgery and the measurements of the mechanical sensitivity of mice. tify significant differences. In all cases, p Ͻ 0.05 was considered statistically significant.
Neurogenic Plasma Extravasation
Under deep halothane anesthesia, the femoral vein of the wild-type
